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Anna M. Kaczmarek *a and Pascal Van Der Voort a
In this work a widely usable post-modiﬁcation route for periodic mesoporous organosilicas (PMOs) was
developed. Using the developed method, two diverse ligands, picolinic acid (Pic) and 4,40,400,4000-
porphyrin-5,10,15,20-tetrayltetrabenzoic acid (Porph), were successfully covalently coupled onto the
PMO material and well-characterized. Both obtained materials show high BET surface areas (565 m2 g1
for Pic@PMO, 483 m2 g1 for Porph@PMO and 548 m2 g1 for the unmodiﬁed PMO) and pore sizes
(5.1 nm). The materials were subsequently tested for their catalytic activity in the cycloaddition of
epoxide and CO2, a frequently studied carbon capture and utilization reaction. Interestingly, both
materials showed very good reactivity (with conversions of up to 90%) as metal free heterogeneous
catalysts and proved to be perfectly stable in recyclability and aging tests. Moreover, by (co-)grafting
Eu3+ and Tb3+ ions onto Pic@PMO and Yb3+ ions onto Porph@PMO a strong emission was observed in
the visible and near-infrared (NIR) range, respectively. Eu,Tb@Pic@PMO showed potential for use as
a temperature sensor in the physiological range (a maximum Sr value of 2.11 %K
1 was obtained at
273 K), while Yb@Porph@PMO could eﬃciently be excited within the human tissue penetrating window
showing characteristic Yb3+ luminescence (with decay times of around 10 ms). These ﬁndings prove that
simple modiﬁcations of this PMO can provide smart materials for very diverse applications.Introduction
Periodic mesoporous organosilicas (PMOs), rstly reported in
1999 by Ozin,1 Stein2 and Inagaki,3 are highly advanced hybrid
porous materials. By using organically bridged silica precursors
(RO)3-Si-Rf-Si-(RO)3 (with RO, a hydrolysable group, and Rf, the
desired bridging organic functionality), diﬀerent organic func-
tionalities can be included in the silsesquioxane framework,
contrary to MCM (Mobil Composition of Matter)4 and SBA
(Santa Barbara Amorphous materials)5 materials which can only
obtain functionalities on the surface by graing methods.
These embedded organic groups provide a more hydrophobic
and hydrothermally stable material and reduce leaching prob-
lems.6,7 Furthermore, PMOs are characterized by their ordered
mesopores and high surface areas, which allow a range of
applications in catalysis, adsorption, chromatography, low-k
materials and drug-release.7–10lics and Catalysis (COMOC), Department
1 (S3), 9000 Gent, Belgium. E-mail: anna.
imanshu.jena@ugent.be
tment of Chemistry, Ghent University,
ESI) available: Powder X-ray diﬀraction
vis absorption analysis, additional
data, and decay proles. See DOI:
Chemistry 2019By altering the bridging organic group Rf, diﬀerent func-
tionalities, ranging from very simple to very advanced, can be
obtained.7 Perhaps one of the most interesting PMO materials
reported to date is the [CH2Si]3 ring-type PMO developed by
Landskron et al.,11 as in this material two carbon atoms are
bound to each silicon, yielding increased hydrophobicity and
stability. To gain access to functionalities, our group has
previously modied this material with a reactive allyl group,12
gaining access to a variety of post-modication routes. One
option is thiol–ene click chemistry,13 a reaction which can be
performed in water at room temperature using UV-radical
initiation with any free thiol groups. This reaction has already
been proven to eﬃciently couple small ligands onto a PMO
material,14 but could also be employed to anchor more complex
ligands (bearing a free thiol functionality) onto the PMO.
Pyridine and porphyrin are very diverse ligands, but both are
extremely important in numerous applications, including
catalysis and luminescence. Porphyrin based complexes have
shown a remarkably broad range of applications. They are vital
for biological functions as oxygen, electron and solar energy
transfer agents,15,16 draw much attention for application in
photodynamic therapy (PDT)17 and are perfect ligands for near-
infrared (NIR) emitting materials.18 Furthermore, metal com-
plexed porphyrins show great potential in the catalytic conver-
sion of CO2 and epoxides to cyclic carbonates.19,20 Still, these
materials are expensive, hard to handle and diﬃcult to isolate.J. Mater. Chem. A
Fig. 1 DRIFTS spectra ofMonoallyl PMO, Pic@PMO and Porph@PMO,
a zoom in on the region of interest for coupling is provided.
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View Article OnlineAs a consequence, it is evident that heterogenization of
porphyrin derivatives would be very attractive from a sustain-
able chemistry point of view. However, to the best of our
knowledge, no PMO materials with dangling porphyrin func-
tionalities have been reported so far. Pyridine modied PMO
was reported in 2001 via a co-condensation route.21 To the best
of our knowledge, only one PMO material with a pyridine
derivative dangling in the pores has been described.22 There-
fore, it could be interesting to study post synthetic functional-
ization of PMOs with simple pyridine derivatives to very delicate
porphyrin derivatives and explore their applications.
A wide range of applications are within reach for these
functionalized PMO materials. For example, multiple PMOs
have already been graed with lanthanides, yielding interesting
luminescence properties.23,24 The embedded organic groups are
used as energy harvesting antennas, activating the Ln3+ ions
present, while the stable framework makes sure that the
material can withstand mechanical treatments, moisture and
high temperatures or pressures.25,26 Furthermore, functional-
ized PMOs can be used as heterogeneous catalysts, reducing
costs and waste problems because of the easy recyclability of the
catalyst. A very interesting catalytic process is the conversion of
CO2 and epoxides to yield cyclic carbonates, as commonly re-
ported catalysts for this reaction are most oen very toxic and
expensive (mostly metal coordinated salen or porphyrin
complexes)20 or require harsh conditions (>120 C and > 20 bar)
to perform this reaction metal-free.27 Moreover, this 100% atom
eﬃcient reaction converts CO2 in material feedstock, tting
perfectly with the concept of carbon capture and utilization
(CCU) reactions.
Here, a method for the coupling of carboxylic acid bearing
complexes onto monoallyl ring PMO is reported, making use of
thiol–ene click chemistry. To show the power of this method,
a large porphyrin derivative (4,40,400,4000-(porphyrin-5,10,15,20-
tetrayl)tetrakis (benzoic acid), labelled TCPPH2) and a simple
pyridine derivative (picolinic acid) were coupled (Scheme 1).
These newly developed materials are subsequently tested for
their catalytic (as nucleophiles) and luminescence (by graing
with diﬀerent visible and NIR emitting lanthanide ions)
applications.Scheme 1 Schematic representation of the developed synthetic route t
J. Mater. Chem. AResults and discussion
Synthesis and characterization
The synthetic procedure used for the coupling of TCPPH2 and
picolinic acid on the PMO is shown in Scheme 1. The method
consists of chlorination of the carboxylic acid used (in this
work: picolinic acid or TCPPH2) and subsequent amide
coupling with cysteamine. This was followed by a thiol–ene click
reaction with PMO allyl functionalities. By the coupling of
picolinic acid the Pic@PMO structure was obtained, while the
anchoring of TCPPH2 on the PMO gave the Porph@PMO
structure. The unmodied PMO compound was labelled Mon-
oallyl PMO.
Successful coupling was conrmed using FT-IR measure-
ments, and in Fig. 1, a spectrum obtained for the pure Mono-
allyl PMO is compared with spectra of Porph@PMO and
Pic@PMO. Additionally, in Fig. S1 and S2,† comparison of the
spectra of Pic@PMO/Porph@PMO and the corresponding
precursors is shown. In the Monoallyl PMO spectrum, aside
from the C–H and Si–O–Si stretching vibrations at respectively
2950–2800 cm1, 1200–1000 cm1 and 800 cm1, three allylo obtain Porph@PMO and Pic@PMO.
This journal is © The Royal Society of Chemistry 2019
Table 1 BET surface area, pore volume, pore size, wall thickness and
ligand loading of the developed materials
Monoallyl
PMO Pic@PMO Porph@PMO
SBET (m
2 g1)a 548 565 483
Vp (cm
3 g1)b 0.61 0.63 0.50
dp, BJH (nm)
c 5.0 5.1 5.1
t (nm)d 7.7 7.3 7.3
Loading (mmol
g1)e
— 0.37 0.70
a Specic surface area determined via Brunauer–Emmett–Teller theory.
b Pore volume determined from the adsorption branch at P/P0 ¼ 0.99.
c Pore size calculated from the desorption branch following Barrett–
Joyner–Halenda theory. d Wall thickness was calculated combining
pore volume and XRD results. e Ligand loading was determined using
CHNS analysis.
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View Article Onlinepeaks were observed: the olen C–H stretching around
3080 cm1, the C]C stretching around 1635 cm1 and the
olen C–H out of plane deformation around 910 cm1.14 When
analyzing the ligand coupled spectra, additional peaks are
observed. Peaks between 1550 cm1 and 1500 cm1 can be
attributed to the C]C aromatic stretching and a new peak
around 1600 cm1 was assigned to the amide, indicating
successful coupling. This is a value below the usual C]O
stretching range for amides, which is a consequence of conju-
gation with the neighbouring aromatic rings. Moreover, the
relative C]C stretching intensity (1635 cm1) is clearly
reduced, which indicates that these allyl groups have been used
in the thiol–ene click reaction. An additional peak around
1720 cm1 in the porphyrin samples was assigned to the
carboxylic acid functionality.
To study the structural response of the functionalization of
the materials, powder X-ray diﬀraction (PXRD) and N2-sorption
measurements were performed. The pure Monoallyl PMO
support material shows a type IV isotherm with H1 hysteresis
(Fig. 2) and some broadening is observed due to increased
macroporosity in the sample. This type of isotherm is indicative
of a material built out of a mixture of disordered areas and areas
with high ordering of uniform cylindrical mesopores.14 By
comparing the isotherm of Monoallyl PMO with that of
Porph@PMO and Pic@PMO it was observed that the shape
stayed the same. It could thus be concluded that the uniform
cylindrical pore structure of the material was preserved during
functionalization reactions. Using the data acquired (Table 1)
one could not see a signicant diﬀerence for Pic@PMO before
and aer anchoring of the ligand. This is a consequence of the
low loading (0.37 mmol g1, CHNS) and low mass of the ligand,
resulting in 6.6 mass% of the ligand, which is in the error range
of these PXRD and N2-sorption measurements. However, as the
porphyrin ligand is far heavier, a signicant amount of the
ligand was anchored (31.13 mass%) and a clear decrease in the
surface area (SBET) and pore volume (Vp) could be observed. AsFig. 2 Nitrogen adsorption/desorption isotherms of the PMO mate-
rials before and after functionalization. All spectra weremeasured at 77
K; ﬁlled and empty symbols represent adsorption and desorption,
respectively.
This journal is © The Royal Society of Chemistry 2019these parameters are dependent on the mass of the material,
this is an expected result. Moreover, as the pore size (dp) and
wall thickness (t) of bothmaterials were almost invariant during
the functionalization, we could conclude that the ligands are
indeed covalently attached to the material and are not adsorbed
on the pore walls. Finally, using STEM-EDX, a homogeneous
distribution of the added functional groups over the material
was conrmed (Fig. S4 and S5†).Catalytic properties
A wide range of catalytic systems for the coupling of CO2 and
epoxides to cyclic carbonates have already been reported,
including many porphyrin derived catalysts.20 Inspired by
a catalytic system of urea-derived PMO, comparable to the
Pic@PMO material in this study, metal-free catalysis was
tested.28 To enable reactions in high temperature and pressure
regimes, epichlorohydrin was chosen as a starting material.
Aer screening of the conditions, a reaction time of 2 h was set,
in combination with a CO2 pressure of 6 bar and a temperature
of 120 C. Furthermore, to test the inuence of the co-catalyst, 4-
dimethylaminopyridine (DMAP) was added. Our initial results
are summarized in Table 2 and are compared to the results
obtained when using TCPPH2 or picolinic acid as a catalyst.
On comparing entries 1, 4 and 6 in Table 2, excellent catalytic
activity was observed for all combined catalyst co-catalyst
systems. A conversion of 97% (Entry 1) was obtained for the
homogeneous TCPPH2 catalyst, while both heterogeneous
catalysts showed comparable reactivity, yielding 89%
(Porph@PMO) and 91% (Pic@PMO) conversion. Most likely,
this slight decrease in reactivity is an eﬀect of the lower func-
tional group loadings of these materials (1.26 mmol g1 for
TCPPH2 vs. 0.37 mmol g
1 for Pic@PMO and 1.16 mmol g1 for
Porph@PMO). Unmodied picolinic acid (entry 3) yielded
a mixture of compounds with only 23% yield, most likely as
a consequence of the acidity of this compound. A loss in activity
was also observed when no co-catalyst was added (entries 2, 5
and 7), yielding conversions between 70 and 80%. Interestingly,
without DMAP addition, Porph@PMO performed best (while no
signicant diﬀerence in reactivity could be observed betweenJ. Mater. Chem. A
Table 2 Catalytic activity of modiﬁed PMO catalysts for the coupling
of CO2 and epichlorohydrin
Entry Catalytic system Conversiona [%]
1 TCPPH2 + DMAP 97
2 TCPPH2 73
3 Picolinic acid + DMAP 97 (23)b
4 Porph@PMO + DMAP 89
5 Porph@PMO 80
6 Pic@PMO + DMAP 91
7 Pic@PMO 75
8 Monoallyl PMO + DMAP 31
9 DMAP 27
10 Blank reaction 0
a Conversion was calculated using 1H NMR analysis. b Mainly side
products were formed, yield (%) within brackets. Reaction conditions:
catalyst (10 mg), co-catalyst (DMAP, 1 mg, 8  103 mmol),
epichlorohydrin (0.5 mmol), CO2 (6 bar), CH2Cl2 (2 mL), time ¼ 2
hours, 120 C.
Table 3 Pressure dependence of the developed catalysts
Entry Catalyst
CO2 pressure
[bar]
Conversiona
[%]
1 Porph@PMO 6 89
2 Porph@PMO 4 54
3 Co@Porph@PMO 4 81
4 Pic@PMO 6 91
5 Pic@PMO 4 42
6 Co@Pic@PMO 4 83
a Conversion was calculated using 1H NMR analysis. Reaction
conditions: catalyst (10 mg), co-catalyst (DMAP, 1 mg, 8  103 mmol),
epichlorohydrin (0.5 mmol), CH2Cl2 (2 mL), time ¼ 2 hours, 120 C.
Fig. 3 Recyclability and stability tests of the catalytic systems. The
used catalysts were stored in an ambient atmosphere and used
without further activation. Reaction conditions: catalyst (20 mg), co-
catalyst (DMAP, 2 mg, 1.6  1023 mmol), epichlorohydrin (1 mmol),

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View Article OnlineTCPPH2 and Pic@PMO), which implies nucleophilic character
of this system due to amide-N and pyrrole-N. The activity of
nucleophilic chloride ions could not be avoided because an
excess of SOCl2 was used during the synthesis.
Even aer thorough cleaning using Soxhlet extraction, some
chloride ions were observed during X-ray uorescence
measurement. Therefore, it can be believed that the synergistic
eﬀect of the highly nucleophilic NH group and chloride anions
in the reaction system enhances the catalytic reactivity of both
the materials for the studied reaction.29
Looking at the blank reactions, entries 8–10, it could be
concluded that eﬃcient catalysts are indeed needed to eﬀec-
tively perform this reaction, as no or very low conversions were
observed when no catalyst or only the co-catalyst was added.
Still, in entry 8, where pure Monoallyl PMO and DMAP were
added, a slight increase of reactivity (from 27% to 31%) was
noted, indicating some catalytic activity resulting from the
support itself.
A study on the response in activity of our catalytic systems on
lowering the CO2 pressure is presented in Table 3. From entries
2 and 5, a dramatic drop in catalytic conversion with decreasing
pressure was observed. With a conversion of 54% Porph@PMO
performed better than Pic@PMO (42%), but these values are
still far too low to nd practical applications. So, as Co coor-
dinated porphyrin complexes already proved to be very active in
this reaction,19 we tried to coordinate our materials with active
Co ions, yielding Co@Porph@PMO and Co@Pic@PMO. When
these materials were subsequently tested at a lowered pressureJ. Mater. Chem. Aof 4 bar, a remarkable increase in conversion was noted (entries
3 and 6). Moreover, no signicant diﬀerence in conversion
between the two materials could be observed.
Finally, aer more than 6 months of benchtop storage of the
used catalysts, the stability of the materials was tested. Excit-
ingly, only a slight decrease in conversion between run 1 and 2,
owing to the substrate stuck in the pores, was observed during
up to 5 recycle runs (Fig. 3), indicating perfect stability and
recyclability of these materials.
In order to correctly frame the obtained results, a compara-
tive study on silica-based catalysts reported for this reaction is
presented in Table 4. Notably, Pic@PMO and Porph@PMO are
highly active catalysts under mild conditions.
Combining the obtained results with earlier reported infor-
mation for similar systems, a proposal for a catalytic mecha-
nism was made. A scheme describing this mechanism is
presented in Fig. 4. Most likely, the rate determining step in this
mechanism is the insertion of CO2 into the opened epoxide
(step 3). This is in agreement with the high drop in catalytic
activity when decreasing the CO2 pressure. When no co-catalyst
(DMAP) is involved, the rate determining step might shi toCH2Cl2 (4 mL), time ¼ 2 hours, 120 C.
This journal is © The Royal Society of Chemistry 2019
Table 4 Catalytic activity of selected silica-based materials in the
coupling of epichlorohydrin with CO2
Catalyst T [C] P [bar] t [h]
Conversion
[%]
Zn(0.15)-SBA-15/KI30 80 10 9.0 99
PMO@IL-NTf2(1.0)
31 90 6 0.5 99a
MCM-41-Imi/Br32 100 30 4.0 98b
PMO-UDF-19 (ref. 28) 100 15 5.0 99
Zn–C3N4/SBA-15 (ref.
33)
150 35 1.5 95b
Pic@PMO + DMAP 120 6 2.0 91
Porph@PMO + DMAP 120 6 2.0 89
a A high amount of catalyst was added. b Styrene oxide was used as the
starting material instead of epichlorohydrin.
Fig. 4 Proposed scheme for the catalysed insertion of CO2 in
epichlorohydrin to form a cyclic carbonate. Cat represents the cata-
lytically active center of the used material.
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View Article Onlinestep 2 (ring opening of the epoxide), explaining the slight
reduction in activity in the absence of the co-catalyst. Still, some
catalytically active sites (or modied carboxylic acid groups for
Porph@PMO) might be able to perform this ring-opening and
thus catalyze this step.Luminescence properties
For luminescence applications, Pic@PMO was graed with Eu3+
and Tb3+ ions to yield Eu@Pic@PMO and Tb@Pic@PMO and
with a co-doped material containing equal molar ratios of Eu3+
and Tb3+, which was named Eu,Tb@Pic@PMO.
The combined excitation–emission spectra of Eu@Pic@PMO
and Tb@Pic@PMO are presented in Fig. 5a and b. Both spectra
show a broad absorption peak between 300 and 350 nm, assigned
to the Pic@PMO support. In comparison with the observed
excitation peak for the pure Pic@PMO material (Fig. S7†) this
value has been downshied; moreover the Tb@Pic@PMO
absorption peak is situated at a higher wavelength than that of
Eu@Pic@PMO. The Eu@Pic@PMO excitation spectrum also
shows some sharp Eu3+ f–f transitions of which some areThis journal is © The Royal Society of Chemistry 2019embedded on the broad peak. A detailed assignment of the
emission peaks obtained in both samples is presented in Table 5.
By combining Eu3+ and Tb3+ cations in equimolar ratios
(Eu,Tb@Pic@PMO, the combined emission–excitation spec-
trum is presented in Fig. 5c) we obtained a slight variation in
the emission properties depending on the wavelength of exci-
tation, as can be seen in Fig. 5d. The most intense emission was
obtained when excited at 322 nm, yielding warm yellow light
(Fig. 5e). As a blue component was missing in this sample it was
not possible to obtain white light employing this kind of
material (even when varying the Tb3+/Eu3+ ratio).
As a very comparable material to the studied Pic@PMO
support was reported to have a triplet level of 25 252 cm1,34 the
triplet level of the support was estimated to be around this
value. This implies a better match with the Tb3+ emitting level
(5D4) at 20 500 cm
1 than with the 5D0 Eu
3+ emitting level
(17 277 cm1). The observed higher decay times of
Tb@Pic@PMO in comparison with Eu@Pic@PMO (all
measured decay times are presented in Table 7) are in agree-
ment with these theoretical calculations. However, for the co-
doped material (Eu,Tb@Pic@PMO), the Tb3+ decay time
(observed at 542 nm) is shorter than the Eu3+ decay time
(observed at 616 nm). This suggests eﬃcient Tb-to-Eu energy
transfer, indirectly exciting Eu3+ cations via energy from non-
radiative relaxing Tb3+ cations. As this process requires the
concerned lanthanide ions to be situated quite close to each
other, we can thus conclude that the attached ligands are also
situated in each other's proximity.23
Finally, temperature sensing applications for the
Eu,Tb@Pic@PMO compound were explored. Monotonic
behavior of the compound was observed in the 273–373 K range
and the two most intense peaks (Tb3+ 542 nm, 5D4/
7F5 and
Eu3+ 616 nm, 5D0 /
7F2) were easily discriminable and suﬃ-
ciently far apart from one another. The data points presented in
Fig. 6b could be well-tted using eqn (1) with R2 ¼ 0.9929. By
applying eqn (2) the relative temperature sensitivity (Sr), indi-
cating the relative change of the thermometric parameter per
degree of temperature change (% K1), could be calculated, and
a maximum value of 2.1078 % K1 was obtained at 273 K (a plot
of Sr values as a function of temperature is presented in
Fig. S8†). The observed non-radiative deactivation energy (DE ¼
1094 cm1) most likely involves the 5D4 level of Tb
3+ and 5D1 of
Eu3+ (DE ¼ 1442 cm1). To the best of our knowledge, this is
a rare and unique example of a physiological temperature
sensor based on a PMO material. In order to properly estimate
the temperature dependent performance of Eu,Tb@Pic@PMO
an overview of the obtained relative sensitivity for comparable
materials operating in the same temperature range is presented
in Table 6.
D ¼ I542
I616
¼ D0
1þ a exp

 DE
kBT
 (1)
Sr ¼ 100%
 1D
vD
vT
 (2)J. Mater. Chem. A
Fig. 5 (a) Combined excitation–emission spectrum of Eu@Pic@PMO recordedwhen excited at 310 nm and observed at the 5D0/
7F2 transition
peak, and (b) combined excitation–emission spectrum of Tb@Pic@PMO recorded when excited at 321 nm and observed in the 5D4 /
7F5
transition. (c) Combined excitation–emission spectrum of Eu,Tb@Pic@PMO recorded when excited at 322 nm and observed at the Tb3+ 5D4/
7F5 transition peak. (d) Emission map of Eu,Tb@Pic@PMO in function of excitation wave-length, observed at the Tb
3+ 5D4/
7F5 transition peak.
(e) CIE chromaticity diagram of Eu,Tb@Pic@PMO recorded when excited at 322 nm.
Table 5 Assignment of Eu@Pic@PMO and Tb@Pic@PMO emission
peaks
Wavelength [nm]
Wavenumber
[cm1] f–f transition
Eu@Pic@PMO
575 17 390 5D0/
7F0
590 16 950 5D0/
7F1
620 16 130 5D0/
7F2
650 15 385 5D0/
7F3
690 14 490 5D0/
7F4
Tb@Pic@PMO
485 20 620 5D4/
7F6
550 18 180 5D4/ 7F5
580 17 240 5D4/
7F4
625 16 000 5D4/
7F3
Table 6 Overview of the relative sensitivity Sr (maximum value) of
selected Eu3+, Tb3+ co-doped materials
Material T range [K] Max Sr [% K
1]
Eu,Tb 2D sheets35 110–360 1.08 (360 K)
Tb0.9Eu0.1 (pia)
36 100–300 3.27 (300 K)
Tb0.957Eu0.043 (cpda)
37 40–300 16 (300 K)
Tb0.995Eu0.005@Al(OH) (bpydc)
38 283–333 3.00 (333 K)
Eu0.95Tb0.05(BTC)
39 25–300 1.46 (300 K)
TbMOF@3%Eu_tfac40 225–375 2.59 (225 K)
TbMOF@7.3%Eu_tfac40 200–325 1.33 (325 K)
Tb0.99Eu0.01(bdc)1.5(H2O)2 (ref. 41) 290–320 0.31 (318 K)
Tb0.80Eu0.20(BPDA)
42 308–328 1.39 (328 K)
Eu0.058Tb0.942BPT
43 293–353 7.22 (353 K)
Eu,Tb@Pic@PMO 273–373 2.11 (273 K)
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View Article OnlineThe excitation and emission spectra of Porph@PMO have
been recorded and are presented in Fig. 7. The excitation
spectrum is dominated by an intense B (Soret) band around
420 nm. This peak is characteristic of the allowed S0 / S2
transition of porphyrins. In the emission spectrum, two peaks
can be observed: one around 650 nm and one around 720 nm,
corresponding respectively to the Q(0,0) and Q(0,1) bands, char-
acteristic of the forbidden porphyrin S0/ S1 transitions. TheseJ. Mater. Chem. Aresults are typical for porphyrin luminescence and it could thus
be concluded that the porphyrin structure was kept intact
during the functionalization on the PMO support material.44
However, the relative intensities of the Q(0,0) band and Q(0,1)
band have shied from the values observed for unsubstituted
porphyrins, an eﬀect most likely resulting from the coupling
onto the PMO as the Q(0,0) intensity (and spectral position) is
highly dependent on changes in the porphyrin environment.
As porphyrins are very eﬃcient for exciting NIR emitting Ln3+
cations, Yb3+ was graed onto Porph@PMO, yielding a sampleThis journal is © The Royal Society of Chemistry 2019
Fig. 7 Combined excitation–emission spectra of pure Porph@PMO;
the sample was excited at 418 nm and emission was observed at
651 nm (in the Q(0,0) transition).
Table 7 Calculated luminescence decay times
Sample s1 [ms] s2 [ms] sav [ms]
Eu@Pic@PMO 626.0 232.9 189.3
Tb@Pic@PMO 703.0 171.0 611.5
Eu,Tb@Pic@PMO 542 nm peak 450.7 86.2 324.9
Eu,Tb@Pic@PMO 616 nm peak 469.3 n/a 469.3
Yb@Porph@PMO 467 nm
excitation
19.4 4.6 11.9
Yb@Porph@PMO 650 nm
excitation
18.0 3.9 9.8
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View Article Onlinenamed Yb@Porph@PMO. However, the symmetry induced
reduction in Q bands (from four to two) upon the formation of
a metalloporphyrin was not observed for our materials
(Fig. S6†).45 This observation was most likely attributed to the
preferential binding of Yb3+ to the peripheral carboxylic acid
groups instead of the porphyrin ring cavity. As previously re-
ported materials showed the same phenomena,46–48 it was
concluded that lanthanide graing in the ring cavity is not
possible for this kind of porphyrin.
Still, typical Yb3+ emission with a broad peak around 975 nm,
assigned to the 2F(5/2)/
2F(7/2) transition, was obtained (Fig. 8),
indicating the luminescence potential of this material. A slight
shi in the maximum value was observed depending on the
excitation wavelength; the sample excited at 467 nm gave
a maximum around 985 nm and the sample excited at 650 nm
gave a maximum around 970 nm. As the theoretical value forFig. 6 (a) Emission map of Eu,Tb@Pic@PMO spectra (when excited at
322 nm and observed at the 5D4 /
7F5 Tb
3+ transition) recorded
between 273 and 373 K. (b) Plot representing the calibration curve for
Eu,Tb@Pic@PMO (calculated based on integrated areas under the
peaks). The points show the experimental D and the solid line shows
the best ﬁt (R2 ¼ 0.9929).
This journal is © The Royal Society of Chemistry 2019this peak is around 995 nm, excitation at a higher wavelength is
more inuenced by the environment. As can be seen from the
excitation spectrum (Fig. S10†), multiple excitation wavelengths
could be used for this material. The porphyrin Q bands in this
excitation spectrum are remarkably redshied in comparison
with Yb3+ porphyrin spectra in the literature,49 which is most
likely due to graing with ytterbium at the peripheral carboxylic
acid groups. Still, excitation in these peaks remains very
attractive for use in biomedical applications (e.g. photodynamic
therapy), as intense emission can be obtained by excitation in
the tissue-penetrating window (650–900 nm).50
On comparing the Yb@Porph@PMO decay times (Table 7), it
could be noted that the excitation wavelength has only
a marginal inuence on the materials’ decay prole. Both ob-
tained decay times are quite similar, but excitation at 467 nm
gave the best result. Excitingly, excitation at 650 nm still yielded
a decay time of around 10 ms which is quite long for hybrid Yb3+
materials.Fig. 8 Emission spectrumof Yb@Porph@PMO excited at two diﬀerent
wavelengths (467 nm and 650 nm) and observed in the 2F(5/2)/
2F(7/2)
Yb3+ transition (maximum: 981 nm).
J. Mater. Chem. A
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View Article OnlineThe obtained decay proles (shown in Fig. S11–S13†) could
only be well tted using a double-exponential function, which
suggests that the Ln3+ cations are situated in two diﬀerent
coordination environments, a common phenomenon in hybrid
support materials.23,51–53Conclusions
In conclusion, an easy and widely usable modication route for
Monoallyl PMO was developed. Using this method, pyridine
and porphyrin derivatives were covalently coupled onto the
PMOwithout interfering with its orderedmesoporous structure.
Both materials showed great potential as metal-free heteroge-
neous catalysts in CCU application (with conversions of over
90%). Moreover, even aer being stored for more than 6months
and being subjected to 3 catalytic runs, no change in conversion
was observed. Furthermore, Porph@PMO showed good activity
even in the absence of a co-catalyst. On the other hand,
Pic@PMO, which was prepared from a cheap and easily avail-
able ligand, still showed high activity. By graing with Ln3+
ions, interesting luminescence properties were obtained.
Eu,Tb@Pic@PMO showed potential to be used as a thermom-
eter in the physiological temperature range (273–373 K). A
maximum value for Sr of 2.1078 % K
1 was obtained at 273 K.
Furthermore, Yb3+ graed Porph@PMO showed to be a strong
NIR emitter with decay times of around 10 ms. Especially exci-
tation at 650 nm could be very interesting for applications like
photodynamic therapy, as this is situated in the tissue pene-
trating window. Overall, a simple post-modication of a variety
of ligands on PMOs provides a platform for designingmetal free
catalysts and supports for lanthanides for a variety of lumi-
nescence applications.Experimental
All reactants and solvents were used as received without further
purication.Synthesis of the PMO precursor
In a procedure used by Clerick et al.,14 in dried glassware and
under an Ar atmosphere, 60 mL of anhydrous THF was added,
followed by 20 mL HETSCH (1,1,3,3,5,5-hexaethoxy-
trisilacyclohexane). This solution was vigorously stirred at
78.5 C and 1 equivalent t-BuLi (18.7 mL) was added over 30
minutes, followed by 30 minutes of continuous stirring. In
a separate ask a solution of 40 mL anhydrous THF and
4.568 mL allylbromide (1.07 equivalents) was prepared and
cooled to 78.5 C. Using a CO2 cooled syringe, the HETSCH
solution was added to the stirred allylbromide solution over 30
minutes. The resulting mixture was le to stir overnight with
the temperature gradually increasing. Aerwards, the resulting
yellow solution was washed with 25 mL 0.2 wt% NaHCO3
solution and 2  50 mL H2O. The solvent was evaporated
(under reduced pressure) out of the resulting organic phase and
a faint yellow oil was obtained. The resulting AHETSCH (2-allyl-
1,1,3,3,5,5-hexaethoxytrisilacyclohexane) precursor was puriedJ. Mater. Chem. Aby column chromatography with hexane : EtOAc (20 : 1) to yield
a colorless oil.
1H NMR: (300 MHz, CDCl3) d ¼ 5.98 (ddt, J ¼ 17.0, 9.9, 7.0,
1H, CH2CH]CH2), 4.97 (d, J ¼ 17.0, 1H, CH]CH2), 4.84 (d, J ¼
10.0, 1H, CH]CH2), 3.81–3.69 (m, 12H, OCH2), 2.37–2.27 (m,
2H, CHCH2CH]CH2), 1.21–1.14 (m, 18H, OCH2CH3), 0.35 (t, J
¼ 6.6, 1H, CH(Si)2(CH2CH]CH2)), and 0.16–0.0 (m, 4H,
SiCH2Si). A peak around 0.84 ppm remained unidentied.
Synthesis of the monoallyl ring PMO14
In a 50 mL ask, 0.375 g Pluronic P123 and 2.19 g KCl were
dissolved in 11.25 mL H2O. 0.9 mL of HCl (37%) was added and
the mixture was stirred (600–800 rpm) to yield a clear blue
solution. Subsequently, 0.5625 g AHETSCH was added to yield
a molar composition of AHETSCH : H2O : P123 : HCl : KCl of
1 : 500 : 0.0517 : 8.62 : 23.5. The mixture was stirred at 45 C for
3 hours, aer which the stirring was turned oﬀ and the
temperature was raised to 95 C to let the material age for 24
hours. A white precipitate was formed and ltered oﬀ. The
powder was washed with 3 25 mL H2O and 3 25 mL acetone
and subsequently the template was removed using a 6 hour
Soxhlet extraction in acetone. The obtained white powder was
dried overnight at 120 C in a vacuum.
Coupling of ligands onto the PMO
In a general procedure, the desired carboxylic acid was dis-
solved in 5 mL SOCl2 in dried glassware. The mixture was
reuxed for 4 hours at 80 C under an Ar atmosphere. The
solvent remaining aer the reaction was removed under
reduced pressure. Subsequently the chlorinated compound was
dissolved in 10 mL CHCl3 and the mixture was stirred at 0 C
under an Ar atmosphere. Separately, 1 equivalent of cysteamine
was dissolved in 10 mL CHCl3 and 2 equivalents NEt3. This
solution was then added dropwise to the porphyrin/picoline
solution. The mixture was covered with aluminum foil and
stirred for 2 hours. The resulting picoline solution was then
washed with NaHCO3 and brine, before drying the organic
phase over MgSO4. Aer evaporation of the organic phase, the
resulting amides (named PicCys and PorphCys) were obtained
as a light yellow (picoline) or dark purple (porphyrin) powder.
The following thiol–ene click reaction was performed by dis-
solving Irgacure 2959 (0.22 mmol, excess) in 50 mL of phos-
phate buﬀer of pH 7 (0.655 g NaH2PO4$2H2O, 4.2 mmol +
0.696 g Na2HPO4, 5.8 mmol in water) and ushing with Ar.
100 mg monoallyl ring PMO and 0.14 mmol of the desired
amide were subsequently added to the mixture and the result-
ing suspension was mixed in an ultrasonic bath and treated for
3 hours in a home-made UV reactor (l ¼ 360 nm). Aerwards,
the product was ltered oﬀ and washed with H2O and acetone.
Subsequently, to remove all leover reagents, the powder was
Soxhlet extracted using acetone for 6 hours. Finally, the yielded
product was dried overnight at 110 C.
1H NMR: (PicCys, 300 MHz, CDCl3): d ¼ 8.56 (dq, J ¼ 4.6, 0.9,
1H, N–CH–CH), 8.18 (dt, J ¼ 7.85, 1.1, 1H, N–C–CH–CH), 7.85
(td, J ¼ 7.65, 1.8, C–CH–CH–CH), 7.43 (m, 1H, N–CH–CH–CH),
3.67 (m, 2H, OC–HN–CH2CH2–S), and 2.78 (m, 2H, C–HN–This journal is © The Royal Society of Chemistry 2019
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View Article OnlineCH2CH2–S). The amide and thiol peaks were not observed, and
a peak at d ¼ 1.56 was assigned to the water remaining aer
purication.
1H NMR: (PorphCys, 300 MHz, d-DMSO): d ¼ 10.11–9.45
(broad, 4H, amide H), 8.86 (s, 8H, pyrrole ring H), 8.36 (q, J ¼ 9,
8H, benzene ring H), 7.51–7.28 (broad, 4H, thiol H), and 3.15 (t,
J ¼ 3, 8H, NH–CH2–CH2). It was impossible to assign the CH2–
CH2–SH peak; water and triethylamine peaks could be found
back in the spectrum, together with some unassigned peaks.
13C NMR: (PorphCys, 300 MHz, d-DMSO): d ¼ 185 (amide C),
145 (benzene Cq), 134 (benzene CH), 131 (pyrrole Cq), 128
(pyrrole CH), 120 (meso C), 35 (N–CH2–CH2), and 31 (CH2–CH2–
SH). Peaks of some residual triethylamine were observed.
Coordination of Ln3+ cations to Pic@PMO
In a general procedure, an excess of the appropriate lanthanide
salt was dissolved in 5 mL of methanol and added to a Pyrex
tube containing the Pic@PMO material. The tube was closed
and treated by ultrasonication for 20 minutes, before leaving it
for 24 hours at room temperature to soak. Aerwards, the
mixture was heated for 24 hours at 85 C. Aer cooling to room
temperature, the resulting powder was ltered oﬀ and washed
with methanol to remove adsorbed lanthanide ions. Finally, the
resulting powder was dried at 60 C.
Coordination of Yb3+ cations to Porph@PMO
In a procedure developed by Boncella et al.,54 0.1 mmol TCPPH2
was dissolved in 5 mL dried THF under Ar. 0.2 mL 1 M
LiN(SiMe3)2 in THF was slowly added through the septum and
the mixture was stirred for 30 minutes at 60 C. The mixture was
ltered to aﬀord a purple powder which was subsequently
combined with 0.1 mmol dry YbCl3 and 3 mL toluene. This was
reuxed for 4 hours at 120 C, before ltering oﬀ the obtained
Yb@TCPPH2. The complex was dried in a vacuum oven (120 C,
50 mbar) before being used for analysis or coupling onto the
PMO (to yield Yb@Porph@PMO).
Coordination of Co2+ to Porph@PMO/Pic@PMO
In a general procedure, equimolar amounts of the ligand and
Co(OAc)2$4H2O were dissolved in DMF. The mixture was
reuxed overnight at 160 C. Aerwards, the obtained powder
was ltered and washed with DMF. The product was puried
using Soxhlet extraction with acetone (6 hours).
Catalytic tests
In a general procedure, a 125 mL stainless steel Parr reactor was
loaded with 10 mg catalyst, 1 mg DMAP, 46.26 mg epichloro-
hydrin and 2 mL CH2Cl2. Subsequently the reactor was ushed
three times with CO2 and lled until the desired pressure was
reached. Then the reactor was heated to 120 C, stirring was
applied and the reaction was started. Aer the desired reaction
time had passed, pressure was released and the mixture was
allowed to cool to 40 C and transferred to a 25 mL ask using
acetone. Acetone was removed under reduced pressure to yield
the resulting mixture for analysis.This journal is © The Royal Society of Chemistry 2019Characterization
N2-sorption experiments were performed on a Micromeretics
Tristar II at 77 K. Diﬀuse reectance infrared Fourier transform
spectroscopy (DRIFTS) measurements were done using a Nic-
olett 6700 FTIR spectrometer equipped with a Greasby-Specac
diﬀuse reectance cell, modied to measure samples at 20–
300 C under vacuum. Pore ordering was conrmed using PXRD
on a Thermo Scientic ARL X’TRA X-ray diﬀractometer using Cu
Ka radiation of 40 kV and 30 mA. CHNS analysis was performed
on a Thermo Flash 200 elemental analyser with V2O5 as the
catalyst. Co loadings were studied by X-ray uorescence (XRF)
on a Rigaku NEX CG with an Al source and compared to Sr-Ka as
the internal standard. The chemical structure of reagents and
catalytic products was analysed using 1H NMR in CDCl3 or
DMSO-d6, on a Bruker 300 MHz AVANCE spectrometer with
chemical shis (d) expressed in ppm relative to a tetrame-
thylsilane standard.
Luminescence properties were measured using an Edin-
burgh Instruments FLSP920 UV-vis-NIR spectrometer setup,
equipped with a 450 W Xe lamp as a steady state excitation
source. Luminescence decay times of the sample were obtained
via a 60 W pulsed Xe lamp, operating at a frequency of 100 Hz.
PL decay times of the ungraed samples were recorded using
a Supercontinuum white light laser for TCSPC (Time Correlated
Single Photon Counting, 80 ps – hundreds of ns). Emission
signals in the visible range were detected using a Hamamatsu
R928P photomultiplier tube, and a Hamamatsu R5509-72 pho-
tomultiplier was used for signals in the NIR region. To properly
compare results, all settings were kept equal between
measurements (same amounts, all samples put between quartz
plates, same slit size, step and dwell time). All emission spectra
have been corrected for detector response. All temperature-
dependent calculations were performed employing the TeSen
soware (http://www.tesen.ugent.be).55Conﬂicts of interest
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